It is now well established that lithospheric thinning of the eastern North China Craton (NCC) occurred during the Phanerozoic. The cause and extent of the thinning, however, remains highly debated. In this study, mantle xenoliths from the Paleozoic Mengyin kimberlites, along with xenoliths from the Cenozoic Penglai and Shanwang basalts in Shandong Province, are investigated via traditional petrographic and elemental, Sr^Nd^Hf^Os isotopic and platinum-group element (PGE) analyses. Late Archean Os model ages of c. 2Á 5 Ga for the Mengyin peridotites provide confirmation that refractory, Archean lithospheric mantle existed beneath the easternmost portion of the NCC during the Paleozoic. Some Paleoproterozoic lithospheric mantle fragments may also be present in the Mengyin xenolith suite. In contrast, the spatially associated Penglai and Shanwang peridotite xenoliths are more fertile, and have Sr^Nd isotopic compositions similar to the depleted mantle. They differ dramatically from the Archean peridotites sampled by the Mengyin kimberlites. Osmium model ages for single samples range from mid-Proterozoic to modern, similar to variations observed in Phanerozoic convecting upper mantle as sampled by modern abyssal peridotites. This suggests that the present lithospheric mantle beneath the eastern NCC formed in the Phanerozoic, despite the fact that Os model ages extend back to the Proterozoic. Some samples from the Penglai suite yield Proterozoic Lu^Hf clinopyroxene mineral isochron ages that are consistent with the Os model ages, suggesting that Hf isotopes in modern convective upper mantle can preserve evidence for ancient melt depletion, similar to Os isotopes. Our results are consistent with thinning of the eastern NCC as a result of foundering of the deep crust and lithospheric mantle, but are inconsistent with stretching or refertilization models, as remnants of Archean mantle are expected to be present in these scenarios. The match between 187 Os/ 188 Os in convective upper mantle and the eastern China lithopspheric mantle also precludes models that seek to explain the present lithosphere as being due to lateral translation of Proterozoic lithosphere.
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I N T RO D UC T I O N
Many studies have shown that a significant part of the original lithospheric mantle beneath the eastern portion of the North China Craton (NCC) was removed during the Phanerozoic (Fan & Menzies, 1992; Menzies et al., 1993 Menzies et al., , 2007 Griffin et al., 1998; Menzies & Xu, 1998; Xu, 2001) . Early Paleozoic ($470 Ma) diamondiferous kimberlites in Mengyin, Shandong Province, and Fuxian, Liaoning Province, indicate the presence of lithosphere with a thickness of !200 km at the time of volcanism (Menzies et al., 1993; Griffin et al., 1998; Wang et al., 1998; Menzies & Xu, 1998) (Fig. 1) . Nevertheless, geophysical data and petrological studies of mantle xenoliths collected from Cenozoic basalts suggest that the present lithosphere is much thinner (60^120 km) and considerably more fertile (Menzies et al., 1993; Griffin et al., 1998; Menzies & Xu, 1998; Fan et al., 2000; Xu, 2001; Rudnick et al., 2004; Chen et al., 2006) . Because of these extensive studies, the eastern NCC is now recognized as the best example of a reactivated craton with decoupled crust and mantle lithosphere (Carlson et al., 2005; Menzies et al., 2007) .
Despite extensive investigation, the cause of lithospheric thinning beneath the eastern block of the NCC remains highly debated. One school of thought suggests that the original Archean lithospheric mantle and associated lower crust were removed via density foundering, and were replaced by peridotite residues formed by melting of convecting upper mantle during the Mesozoic to early Cenozoic (Gao et al., 2002 Wu et al., 2003 Wu et al., , 2005a . Another model suggests that mantle with Proterozoic Os model ages originated by mixing the original Archean mantle lithosphere with juvenile asthenospheric mantle via melt^peridotite interaction (Zhang, 2005; Zhang et al., 2008) . Others have proposed that this mantle lithosphere might be exotic, derived from southern China or elsewhere, and has no relationship with the crustal^mantle evolution of the NCC .
Mapping of spatial variations in mantle melt depletion ages of the lithospheric mantle underlying the NCC before and after the loss of the deep lithosphere is essential to diagnose the cause of the loss (Carlson et al., 2005; Foley, 2008) . However, despite much recent study, the age structure of the lithospheric mantle underlying the NCC remains unclear, partly because of the paucity of data for appropriate xenolith locations. This is especially true for the easternmost portion of the NCC. To date, Os isotopic data have been reported for peridotite xenoliths from the Paleozoic Mengyin, Fuxian and Tieling kimberlites. These data reveal the existence of Archean lithospheric mantle beneath the eastern NCC during the early Paleozoic (Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008) . In contrast, peridotite xenoliths from Cenozoic basalts in Qixia, Longgang, and Kuandian ( Fig. 1) show considerable variations in Os model ages. These model ages range from Proterozoic to Phanerozoic and have been interpreted in different ways. Most importantly, no peridotite xenoliths with Archean Os model ages have been documented in the Cenozoic basalts from the eastern NCC (Gao et al., 2002; Wu et al., 2003 Wu et al., , 2006 .
With the intent of providing a much more detailed picture of the age structure of the mantle lithosphere underlying the eastern portion of the NCC, we have determined the petrography, major and trace element chemistry, SrN d^Hf^Os isotope and platinum-group element (PGE) concentrations for two large suites of peridotite xenoliths from the Cenozoic Penglai and Shanwang basalts in Shandong Province. These data complement published data for the nearby Qixia peridotites (Gao et al., 2002; Rudnick et al., 2004) . To bolster limited earlier data and further constrain the nature of the lithospheric mantle present during the Paleozoic, we also analyzed additional mantle xenoliths from the Paleozoic Mengyin kimberlites.
G E O L O G I C A L B AC KG RO U N D A N D S A M P L E D E S C R I P T I O N S
Eastern China is composed of the three main lithotectonic domains, the Central Asian Orogenic Belt and the NCC in the north, the Dabie^Sulu ultrahigh-pressure collisional belt in the central region, and the South China Craton (including the Yangtze Craton and Southeastern China orogenic belt) in the south (Fig. 1) . The NCC is the oldest tectonic unit in China, containing crust as old as 3800 Ma (Liu et al., 1992; Wu et al., 2008) . Neodymium T DM model ages of felsic rocks are generally Archean and range mainly between 2Á5 and 3Á9 Ga, with two age peaks at 2Á6^2Á8 Ga and 3Á2^3Á6 Ga (Wu et al., 2005b) , indicating Archean crust formation. Petrologically, the NCC is composed mainly of various gneisses, granulites, amphibolites and supracrustal rocks.
The NCC can be divided into Eastern and Western blocks, which collided along the Trans-North China Orogen at $1Á85 Ga (Zhao et al., 2005) (Fig. 1) . The Western Block can be further divided into the Yinshan Block in the north and Ordos Block in the south, which are separated by the east^west-trending Paleoproterozoic Khondalite Belt (Zhao et al., 2005) . Within the Eastern Block, a Paleoproterozoic collisional belt is also present on the Liaodong^Jiaodong peninsulas (darker gray shading in northeastern NCC in Fig. 1 ; Faure et al., 2004; Zhao et al., 2005; Lu et al., 2006) .
From $1Á85 Ga until the late Mesozoic, the NCC remained stable. Starting in the Mesozoic, intensive deformation, mineralization, and igneous activity occurred, including extensive eruption of intermediate^acid volcanic rocks and widespread emplacement of granites (Wu et al., 2005a (Wu et al., , 2005c . During the Cenozoic, the NCC has witnessed extensive intraplate basaltic volcanism. Some of these basalts contain abundant ultramafic xenoliths (Fig. 1) .
In Shandong Province, three stages of igneous rocks from the Paleozoic, Mesozoic, and Cenozoic contain mantle xenoliths and provide a unique opportunity to study the evolution of the lithospheric mantle throughout the critical period of lithosphere transformation within a spatially restricted region. The Mengyin kimberlite, emplaced during the Paleozoic at $470 Ma (Dobbs et al., 1994; Yang et al., 2009) , contains abundant harzburgite xenoliths (Chi & Lu, 1996; Gao et al., 2002; Zheng et al., 2007; Zhang et al., 2008) . Among the Mesozoic rocks, the Tietonggou diorite in Laiwu ($125 Ma) contains harzburgite and dunite xenoliths, some of which yield Archean Os model ages (W. L. Xu, et al., 2008; Gao et al., 2008) . During the Cenozoic, alkaline volcanic activity occurred in numerous localities, including Qixia (Gao et al., 2002; Rudnick et al., 2004) , Penglai and Shanwang (Fig. 1) . The Penglai volcanoes, erupted during the Neogene at 5Á7^4Á2 Ma (Liu, 1999) , are located in the northeastern portion of the Shandong Peninsula, about 500 km to the NE of the Mengyin kimberlite, and about 100 km to the north of Qixia. The Shanwang volcanoes, erupted at $16 Ma (Liu, 1999; Zheng et al., 2007) , are located c. 100 km to the north of the Paleozoic Mengyin kimberlite, within the Tan^Lu Fault.
Mantle xenoliths in the Mengyin kimberlite are rounded and average 5^8 cm across. They have been intensively altered, and only garnet remains as a primary mineral (Chi & Lu, 1996; Zhang et al., 2008; Gao et al., 2002) . In contrast, lavas at both the Penglai and Shanwang volcanoes contain abundant, fresh xenoliths of lherzolite and pyroxenite, with minor harzburgite and wehrlite. Photographs of outcrop and hand specimens of some Penglai and Shanwang xenoliths are provided in an electronic supplement (available for downloading at http:// www.petrology.oxfordjournals.org/). Petrographic descriptions of the samples analysed in this study are given in Appendix A.
At Penglai, most xenoliths range in size between 5 and 10 cm. These peridotite xenoliths are fresh, generally coarse-grained (1^3 mm) and equigranular, with some showing porphyroclastic textures ( Fig. 2a and b) . No strongly foliated types have been found. Primary minerals are olivine, orthopyroxene (opx), clinopyroxene (cpx), and spinel ( Fig. 2a and b) ; most xenoliths are lherzolites, but minor harzburgite also occurs (Table 1) .
The xenoliths at Shanwang are larger, typically ranging from 10 to 20 cm across. These xenoliths are characterized by four types of microstructures (protogranular, transitional, tabular equigranular, and porphyroclastic texture) ( Fig. 2c and d) , with primary mineral assemblages consisting of olivine, cpx, opx, and spinel ( Fig. 2c and d) . Again, lherzolite dominates the rock types, but harzburgites also occur, as well as pyroxenites (SW04) and wehrlites (SW01, SW21) ( Table 1 ). The lack of garnet in peridotite xenoliths from both Penglai and Shanwang studied here indicates derivation of these samples from depths of 580 km. Reports of garnet-bearing lherzolites from Shanwang, however, indicate that some peridotites from this locale were derived from depths of !$80 km .
A NA LY T I C A L T E C H N I Q U E S
The xenoliths were sawn from their lava hosts and the cut surfaces were abraded with quartz in a sand blaster to remove any possible contamination from the saw blade. The samples were first crushed using an alumina ceramic jaw crusher, and then small chips, devoid of surface alteration and host lava, were ground into a fine powder using an agate shatterbox. A portion of the crushed fraction was sieved and cpx separates were handpicked under a binocular microscope to a purity of 498%.
Elemental analysis
Major element data for whole-rock samples were obtained by X-ray fluorescence spectrometry (XRF) on fused glass disks using a Shimadzu XRF-1500 instrument at the Institute of Geology and Geophysics, Chinese Academy of Sciences (see Appendix B for details). Precisions are AE1^3% relative for elements present in concentrations 41wt %, and about AE10% relative for elements present in concentrations 51Á0 wt %. A Chinese ultramafic rock reference material, DZE-1, was analyzed during the same period, and the values determined are well within the range of consensus values (Appendix B: Table B1) .
Trace element concentrations, including the rare earth elements (REE), were determined by inductively coupled plasma mass spectrometry (ICP-MS) using an Agilent Total 99Á 7 9 9 Á 6 9 9 Á 7 9 9 Á 5 9 9 Á 7 9 9 Á 2 9 9 Á 2 9 9 Á 4 9 9 Á 5 9 9 Á 4 9 9 Á 4
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Trace elements (ppm) Table B2 ). Precisions are generally better than 5% for most elements based on replicate analyses of several samples (e.g. SW16; see Table 1 ). The major element compositions of minerals were measured at the Institute of Geology and Geophysics, Chinese Academy of Sciences using a JEOL-JXA8100 electron microprobe operated in wavelength-dispersive (WDS) mode. The operating conditions were as follows: 15 kV accelerating voltage, counting time of 20 s, and a 20 nA beam current. Natural minerals and synthetic oxides were used as standards, and a program based on the ZAF procedure was used for data correction.
Sulfur concentrations were determined at the National Research Center for Geoanalysis, Chinese Academy of Geological Sciences, using a high-frequency infrared absorption spectrometer (HIR-944B, Wuxi High-speed Analyzer Co., Ltd., China) (Shi et al., 2001 ) (see Appendix B for method details). The quantification limit for S of the method was about 50 ppm. As Shi et al. (2001) reported, the analytical results for several Chinese rock reference materials using this method are comparable with their nominal values. Precisions are better than 3% for samples with S concentrations of 4100 ppm and better than 10% for samples with S concentrations of 5100 ppm.
Clinopyroxene Sr^Nd^Hf isotope analyses
Strontium, Nd, and Hf isotope compositions of cpx separates from the Penglai and Shanwang peridotite xenoliths were determined at the State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences. The mineral separates were washed with ultra-pure (Milli-Q) water, and ground to 200^400 mesh using an agate mortar before isotopic analysis. Analytical details for sample digestion and column separation procedures are described in Appendix B. For comparison, some cpx separates were treated with the following steps and then reanalyzed for Sr^Nd^Hf isotopes: (1) the separate was leached with 6M HCl at 1008C overnight; (2) the leached fraction was subsequently rinsed with Milli-Q water (18 M) several times; (3) the leached fraction was ground to 200^400 mesh using an agate mortar.
The Rb^Sr and Sm^Nd isotopic analyses were conducted using a Finnigan MAT 262 thermal ionization mass spectrometer. Hf is blank-corrected, maximum blank to sample ratios are 0Á 02% for Sr (PL11), 0Á 09% for Nd (PL11) and 0Á 4% for Hf (PL11), requiring no correction of the measured isotopic ratios.
Re^Os and PGE analyses
Re^Os isotopic compositions and PGE abundances were determined at both the State Key Laboratory of Lithospheric Evolution, Institute of Geology and Geophysics, Chinese Academy of Sciences (IGGCAS) and the Isotope Geochemistry Laboratory, University of Maryland (UMD). Some samples were analyzed in both laboratories for comparison. As shown in Appendix B (Fig. B1) , the results from the two laboratories are in good agreement for Os isotopic compositions.
The methods used at both laboratories are similar to those described by , Pearson & Woodland (2000) and Walker et al. (2008) . Rhenium, Os, Ir, Ru, Pt, Pd concentrations and Os isotopic compositions were obtained from the same Carius tube sample digestion (for details of Re^Os and PGE chemistry see Appendix B).
Osmium isotopic compositions were measured by negative thermal ionization using either a GV Isoprobe-T mass spectrometer at IGGCAS , or a VG Sector 54 mass spectrometer at UMD (Walker et al., 2002 . For these measurements, purified Os was loaded onto platinum filaments and Ba(OH) 2 was used as an ion emitter. At IGGCAS, all samples were run in static mode using Faraday cups. At UMD, samples were run in static mode on Faraday cups, or in peak-jumping mode with a single electron multiplier, depending on the amount of Os. The measured Os isotopic ratios were corrected for mass fractionation using 192 Os/ 188 Os ¼ 3Á0827. The in-run precisions for Os isotopic measurements were better than AE0Á2% (2RSD) for all the samples. During the period of measurements of our samples, the 187 Os/ 188 Os ratio of the Johnson^Matthey standard of UMD was 0Á11380 AE 4 (2s, n ¼ 5) at IGGCAS, and 0Á11379 AE 2 (2s, n¼5) for Faraday cups and 0Á1138 AE1 (2s, n ¼ 5) for electron multiplier at UMD.
The isotope dilution analyses of Re, Ir, Ru, Pt, and Pd were conducted either at IGGCAS using a ThermoElectron Neptune MC-ICP-MS system with an electron multiplier in peak-jumping mode or using Faraday cups in static mode, according to the measured signal intensity, or at UMD using a Nu-Plasma MC-ICP-MS system with a triple electron multiplier configuration in static mode. Mass fractionations (and gain effects of different multipliers for the UMD method) for Re, Ir, Ru, Pt, and Pd were corrected using Re, Ir, Ru, Pt and Pd standards that were interspersed with the samples. In-run precisions for 185 Ru were typically 0Á1^0Á3% (2RSD).
R E S U LT S Major element geochemistry
The intense serpentinization of the five xenoliths from the Mengyin diamondiferous kimberlites is reflected in the high loss-on-ignition values (LOI; from 10Á5 to 14Á 0%) ( Table 1) . Sample MY35 is characterized by high Al 2 O 3 , Fe 2 O 3 and CaO contents, and relatively low MgO content, indicating that this sample may have originally been a pyroxenite. The other four samples have relatively low Al 2 O 3 and CaO contents. Whole-rock compositions normalized to 100% volatile-free are refractory, with CaO ranging from 0Á2 to 0Á75 wt %, and Al 2 O 3 from 0Á 07 to 0Á37 wt %, similar to accepted values for the Archean cratonic mantle (e.g. Lee & Rudnick, 1999; Carlson et al., 2005) . The Mg-number of the whole-rocks ranges from 91Á9 to 95Á2, with samples MY9 and MY34 having the highest whole-rock Mg-number, close to 95. Sulfur concentrations in the Mengyin xenoliths are relatively high (from 140 to 510 ppm, Table 1 ).
The 17 Penglai peridotites have low LOI values, from À0Á3 to 0Á5 wt %, consistent with the generally low degrees of alteration of the xenoliths (Table 1, Fig. 2 ). Some samples have negative LOI values, indicating that oxidation of FeO to Fe 2 O 3 was more significant than loss of volatiles. Whole-rocks are relatively fertile, with Al 2 O 3 ranging from 1Á2 to 4Á3 wt %, and CaO ranging from 1Á0 to 3Á3 wt %. Most samples lie near the oceanic trend of Boyd (1989) (Fig. 3) , which is considered typical of postArchean peridotites. Except for PL03, Al 2 O 3 and CaO show well-defined negative correlations with MgO content ( Fig. 4a and b ). There are also negative correlations between the Al 2 O 3 content in whole-rocks and Fo and Cr-number values of olivine and spinel (not shown). Sulfur concentrations in most Penglai samples are 550 ppm (the quantification limit), except for samples PL03 and PL16, which have S concentrations of 260 and 60 ppm, respectively (Table 1) .
The 22 Shanwang xenoliths also have relatively low LOI (from 0Á 4 to 2Á5 wt %, Table 1 ), except for sample SW04, for which LOI was 9Á7 wt %. Whole-rock xenoliths show variable fertility, as reflected by their Al 2 O 3 contents, which range from 1Á2 to 3Á8 wt %, and CaO contents, which range from 1Á1 to 5Á7 wt %. Again, most samples lie near the oceanic trend of Boyd (1989) (Fig. 3) . Al 2 O 3 and CaO contents correlate negatively with the MgO content, except for samples SW01, SW04 and SW21 ( Fig. 4c and  d) . The latter samples have high CaO and relatively low MgO contents, reflecting their pyroxene-rich compositions (they are pyroxenites or wehrlites). Except for these samples, the negative linear correlations between the Al 2 O 3 content of whole-rocks and Fo and Cr-number values of olivine and spinel are also reasonably good (not shown). Sulfur contents are generally higher than those of Penglai (Table 1) , with the wehrlite sample SW21 having the highest S content of 510 ppm.
Mineral chemistry and equilibration temperatures
Major element compositions of minerals from Penglai and Shanwang are provided in Table 2 . Overall, olivines have Fo-numbers ranging from 86Á1 to 91Á3 (Fig. 3) . The Fonumbers of olivines from the Penglai peridotites range from 88Á1 to 91Á3 (Table 2) , with only two samples (PL03 and PL16) having Fo-numbers lower than 89. Olivines from the Shanwang xenoliths exhibit a similar range in Fo (89Á 0^91Á0), with the exception of two samples having very low Fo (Fe-rich lherzolite SW05, with Fo of 86Á1, and wehrlite SW21, with Fo of 81Á8). Generally, the mineral modes and Fo compositions indicate that the Penglai and Shanwang peridotites are relatively fertile lherzolites. They are, thus, comparable with peridotite xenoliths from other Cenozoic locales in eastern China and distinct from the very refractory xenoliths present in the Paleozoic Mengyin and Fuxian kimberlites (Fan et al., 2000; Rudnick et al., 2004; Zheng et al., 2007) (Fig. 3) .
The Cr-number of spinels from the Penglai and Shanwang xenoliths range from 9Á53 to 39Á 4 and from 9Á 03 to 28Á 4, respectively (Table 2) , never reaching the high Cr-number of spinels that are typical of cratonic peridotites and inclusions in diamonds (Cr-number 460, e.g. Lee & Rudnick, 1999) , as well as chromites from the Paleozoic kimberlites from eastern China (Zheng, 1999) .
The equilibration temperatures of the mantle xenoliths from Penglai and Shanwang can be constrained via application of various geothermometers (Wood & Banno, 1973; Wells, 1977; Bertrand & Mercier, 1985; Brey & Kohler, 1990), a selection of which are shown in Table 3 . Despite systematic temperature differences between the thermometers, the temperatures returned for each locality vary by no more than 3008C and the temperature ranges for a given thermometer are indistinguishable between localities. If the xenoliths equilibrated to a geotherm similar to that proposed by Zheng et al. (2006) for garnet-bearing Shanwang peridotites, the temperatures imply sampling over a depth range of $20 km, all within the spinel stability field.
As mentioned above, because of poor preservation of primary minerals in the Mengyin peridotites, their P^T conditions cannot be constrained. Minimum derivation depths of 50^100 km, however, can be inferred from the presence of garnet peridotites previously noted (Gao et al., 2002) . n, number of spot analyses for minerals; total iron is expressed as FeO.
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Rare earth and trace elements
All Mengyin peridotites are strongly light REE (LREE) enriched (Fig. 5a) , and, except for sample MY10, are characterized by relatively high total REE concentrations. On a primitive mantle-normalized diagram, the Mengyin samples show significant Sr depletion, as well as variable depletion in Th (Fig. 5b) . The REE patterns of the Penglai peridotites display little variation (Fig. 5c) . The cpx-poor lherzolites (PL08, PL19) and harzburgites (PL02, PL18, PL23), are relatively LREE enriched and heavy REE (HREE) depleted. Sample PL19 is characterized by a spoon-shaped REE pattern, and the two harzburgites, PL02 and PL23, have the lowest HREE abundances of this suite. LREE enrichment of cpx-poor mantle xenoliths is common worldwide (McDonough & Frey, 1989) . The cpx-rich lherzolites, such as PL01, PL06, PL07, PL16 and PL17, show more limited LREE enrichment, with the exception of sample PL03. The LREE-depleted character of many of the Penglai cpx separates (eight out of 19 samples, Table 5 , including most of the lherzolites), suggests that the whole-rock REE patterns may have been compromised by addition of a LREE-enriched grain boundary phase (see Discussion). Compared with those from the Mengyin kimberlites, the Penglai xenoliths have lower La/Yb ratios. Similar to the REE patterns, the primitive mantle-normalized trace element patterns of the Penglai peridotites show relatively uniform variations with slight enrichments in Sr and depletions in Ti (Fig. 5d) .
The REE patterns of the Shanwang samples are more variable (Fig. 5e) . The most refractory samples, SW07 and SW09, are strongly enriched in LREE and depleted in HREE. Lherzolites SW02, SW03, SW04, SW10, SW12, SW13, SW18, and SW20 are LREE depleted, albeit with some showing La enrichment relative to Ce. The remaining samples are LREE enriched. The primitive mantlenormalized plots for the Shanwang samples are different from those of the Penglai xenoliths, showing pronounced positive Sr and negative Ti anomalies (Fig. 5f ), possibly reflecting some form of Sr-rich (carbonate) melt interaction (Zheng et al., 2005) . The two wehrlites (SW01 and SW21) have the highest REE contents, do not show the TiO 2 depletions, and show only modest Sr enrichments.
Clinopyroxene Sr^Nd^Hf isotopic data
Rb^Sr and Sm^Nd isotopic compositions of cpx from the Penglai and Shanwang xenoliths are provided in Tables 4  and 5 (Fig. 6a) . Generally, the leached cpx are slightly less radiogenic in 87 Sr/ 86 Sr, compared with their paired, unleached cpx (Table 4 ; Fig. 6a ). Although the differences in Sr concentration between leached and unleached cpx are insignificant, the Rb concentrations in leached cpx are much lower than their paired, unleached cpx (Table 4 ; Fig. 6a ). Similar to other worldwide xenolith suites, no Rb^Sr isochron can be generated from the data. PL19 and PL23, which have slightly more radiogenic Nd in the leached cpx (Table 5 ; Fig. 6b ). Except for samples PL17 and SW03, all samples plot near an errorchron with an age of $300 Ma (Fig. 6b) .
Hafnium isotopic compositions of the cpx are provided in Table 6 and shown in Fig. 6c . The Penglai samples show larger ranges of 176 Lu/ 177 Hf and 176 Hf/ 177 Hf ratios than the Shanwang xenoliths. Generally, the leached cpx have Hf isotopic compositions that are indistinguishable from the paired, unleached cpx, although there are some significant differences in Lu and Hf concentrations (Table 6 ). The only exception is sample PL19, which is characterized by extremely radiogenic Hf; the leached cpx has slightly more radiogenic Hf (Fig. 6c) . The 176 Hf/ 177 Hf of two analyses of leached PL19 cpx are reproducible within uncertainties. Penglai cpx samples define a Lu^Hf isochron with an age of 1259 AE 22 Ma (using the data for the leached PL19 cpx) (Fig. 6c) . If the Penglai and Shanwang xenoliths are combined, an isochron age of 1262 AE 35 Ma is obtained (also using data for leached cpx from sample PL19).
All the cpx samples are characterized by low initial 87 Sr/ 86 Sr ratios of 0Á7022^0Á7042, and high initial e Nd and e Hf values of þ5Á 4 to þ23Á1 and þ16Á 0 to þ553, when corrected for the eruption ages of the host basalts (Fig. 7) . A crude negative correlation between 87 Sr/ 86 Sr and e Nd is similar to cpx from other Cenozoic mantle xenoliths in eastern China (Fig. 7a) (Chi & Lu, 1996; Zheng, 1999; Wu et al., 2006; Zhang et al., 2008) , which are characterized by much more enriched Sr^Nd isotope signatures (Fig. 7a) . In a diagram of e Nd vs e Hf , most xenoliths straddle a line of e Hf ¼ 1Á5e Nd , which is similar to the Nd and Hf isotopic ratios seen in oceanic basalts (Nowell et al., 1998; Vervoort et al., 1999) . However, some samples, such as PL19 and PL11, fall above the line at much higher e Hf values (Fig. 7b) . The apparent decoupling of the Nd^Hf systematics in these samples suggests that high Lu/Hf was preserved for a much longer period of time than high Sm/Nd. Leached cpx sample PL19, which has an extremely high 176 Lu/ 177 Hf ratio of about 0Á76, yields a Hf model age of about 1Á3 Ga.
Re^Os isotopic geochemistry
Re^Os isotopic data for the Mengyin, Penglai and Shanwang xenoliths are given in Table 7 . All Mengyin samples have Re concentrations less than 0Á1ppb, with a large range in Os concentrations from 0Á1 to 7Á8 ppb (Fig. 8a) . Three analyses of sample MY9 yielded Os concentrations ranging between 2Á0 and 7Á8 ppb, indicating a significant 'nugget effect' whereby Os is evidently concentrated in trace phases that are not well homogenized during the preparation of sample powders. Peridotites MY9, MY10 and MY34 have 187 Os/ 188 Os that are identical within uncertainties: 0Á1104^0Á1109, corresponding to T RD ages of 2Á5^2Á6 Ga (Table 7) . These model ages are similar to ages reported for peridotites from the Fuxian and Tieling kimberlites (Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008) , and chromites from Mengyin . In contrast to the other Mengyin peridotites, MY33 has a higher 187 Os/ 188 Os ratio of 0Á1166 corresponding to a T RD age of 1Á6 Ga (Table 7 ). In addition, pyroxenite sample MY35 is characterized by relatively low Os (0Á 97 ppb), relatively high 187 Re/ 188 Os (0Á288) and a high 187 Os/ 188 Os ratio of 0Á1319. Relatively high ratios like this are common in pyroxenites from the lithospheric mantle (e.g. .
The Penglai peridotites are strongly depleted in Re, with concentrations ranging from 50Á 01ppb to 0Á 04 ppb; Os concentrations are mostly 51ppb (Fig. 8a) . The 187 Re/ 188 Os ratios range from 0Á 01 to 0Á23. As is common in other peridotite xenoliths from the continental lithospheric mantle, the 187 Re/ 188 Os ratios do not correlate well with their 187 Os/ 188 Os ratios (Fig. 8b) . Generally, the Penglai samples have 187 Os/ 188 Os ratios ranging from 0Á1178 to 0Á1289, which is lower than the primitive upper mantle (PUM) estimate of 0Á1296 (Meisel et al., 2001) . Among these, relatively refractory samples PL02, PL08, PL12 and PL23 (52 wt % Al 2 O 3 ) have similar 187 Os/ 188 Os ratios around 0Á12, with T RD ages of $1 Ga (Table 7) . Sample PL18, however, which has a slightly higher Al 2 O 3 of 2Á27 wt %, has the lowest 187 Os/ 188 Os of $0Á1170, with T RD and T MA ages of 1Á4 and 2Á5 Ga, respectively (Table 7) .
Shanwang xenoliths have higher average Re and Os concentrations than the Penglai xenoliths, with Re of 0Á 01^0Á51ppb and Os of 0Á3^8Á7 ppb (Fig. 8a) 187 Re/ 188 Os ratios of 0Á589^1Á636 than PUM and have correspondingly chondritic to radiogenic 187 Os/ 188 Os of 0Á1265^0Á1335 (Fig. 8b) . The remaining samples have 187 Os/ 188 Os ratios of 0Á1196^0Á1274. Of these, relatively refractory samples SW07, SW09, SW11, SW15, SW16 and SW20 have low 187 Os/ 188 Os ratios, ranging from 0Á120 to 0Á122, with T RD ages ranging from 0Á 8 to 1Á1 Ga (Table 7) . Sample SW03, although not refractory (3Á2 wt % Al 2 O 3 ), also has a 187 Os/ 188 Os of $0Á12 (Table 7) .
Platinum-group elements
The PGE abundances (especially Ir, Ru) in replicate analyses of some samples vary considerably beyond analytical uncertainties ( patterns (and hence, PGE element ratios) are generally reproducible. For the Mengyin samples, the chondrite-normalized PGE patterns show relatively flat IPGE (Os, Ir, Ru) patterns, with corresponding strong PPGE (Pt, Pd) depletions (Fig. 9a) . Thus, (Os/Ir) N and (Ru/Ir) N of Mengyin peridotites straddle unity (Fig. 9d) , but (Pt/Ir) N and (Pd/Ir) N values are uniformly less than 1 (Fig. 9e and 9f ). These characteristics are frequently observed in ancient cratonic peridotite xenoliths from elsewhere (Rehka« mper et al., 1997; Pearson et al., 2004) , and have previously been ascribed to large degrees of melt depletion (Pearson et al., 2004) .
The Penglai peridotites show Os depletion relative to Ir, and are also depleted in Pt and Pd (Fig. 9b) . Their (Os/ Ir) N range from 0Á13 to 0Á 63, much lower than those from the Mengyin xenoliths (Fig. 9d) . Similar, dramatic fractionation of Os from Ir has been noted in peridotitic xenoliths from Vitim, Siberia (Pearson et al., 2004) and North Queensland, Australia (Handler et al., 1999) , and has previously been attributed to Os loss due to syn-or posteruption sulfide breakdown and alteration (Handler et al., 1999; Pearson et al., 2004) . Moreover, the (Pt/Ir) N and (Pd/Ir) N values of the Penglai xenoliths are mostly less than unity (Fig. 9e and f) . Harzburgite PL18 has the lowest (Pd/Ir) N value, consistent with its unradiogenic Os isotopic ratio.
The Shanwang xenoliths show large variations in PGE concentrations (Table 8) . In contrast to peridotites from Mengyin and Penglai, this suite of xenoliths does not show significant fractionation between IPGE and PPGE (Fig. 9c) . Although the Shanwang xenoliths have almost the same (Os/Ir) N values as those from Mengyin, their (Ru/Ir) N , (Pt/Ir) N and (Pd/Ir) N values are much higher ( Fig. 9e and f) , and some samples have PGE þ Re patterns similar to estimates of PUM (e.g. Becker et al., 2006) .
D I S C U S S I O N Limitations to dating lithospheric mantle using the Re^Os isotopic system
It has been shown that Re^Os isotopic systematics can be used to date melt extraction from the mantle, and thus the age of formation of the lithospheric mantle (Shirey & Walker, 1998) . The principle is that the daughter element, Os, is strongly compatible in mantle residues, whereas the parent element, Re, is moderately incompatible during mantle melting (Walker et al., 1989) . Removal of Re accompanying melt depletion leads to retardation or cessation in the growth of 187 Os. Because of the lack of the parent Os) Chond (0) ¼ 0Á 1270 (Shirey & Walker, 1998) ; R, replicate analysis; Al 2 O 3 (wt %) is normalized to 100% volatile-free; Re, Os concentration and Os isotopic ratios are blank-corrected. Ã Measured in UMD.
isotope, the residue is relatively immune to subsequent diffusive resetting at high temperatures in mantle peridotites.
The most robust method to date mantle melt depletion using the Re^Os system would be via the generation of whole-rock isochrons. This method, however, is generally not viable for peridotites because of the presumption of lack of isotopic homogeneity in a large mantle domain at the time of melting, and the possible late-stage mobility All the concentration data are blank-corrected; subscript N indicates chondrite normalized after McDonough & Sun (1995) . Ã Measured in UMD. of Re. Consequently, Os model ages for mantle melt residues are more commonly used.
Time of Re depletion (T RD ) model ages, calculated by assuming that a single melting event removes all of the Re from a peridotite, can provide minimum age constraints for mantle melt depletion (Walker et al., 1989; Shirey & Walker, 1998) . T RD ages will significantly underestimate the age of a melt depletion event for samples that have experienced only partial Re removal, such as in the case of lower extents of partial melting, and are applicable for only very highly refractory peridotites (e.g. Al 2 O 3 1Á2 wt %). Model T MA ages may be more accurate (Shirey & Walker, 1998) for peridotites that have undergone only modest melt depletion. They are calculated based on measured 187 Re/ 188 Os, and record the intersection of the isotopic evolution of a sample with a mantle evolution line. However, the accuracy of T MA model ages may be compromised by Re addition or loss during the history of the rock, but especially in transit to the surface in typically high-Re volcanic systems.
Both T RD and T MA model age calculations are subject to some further uncertainties. First, it is clear that the depleted mid-ocean ridge basalt (MORB) mantle (DMM) is not isotopically homogeneous with respect to Os, based on analyses of abyssal peridotites, ophiolites and oceanic basalts. For example, most abyssal peridotites have 187 Os/ 188 Os ratios ranging from about 0Á120 to 0Á129 (e.g. Snow & Reisberg, 1995) , but some can have substantially lower 187 Os/ 188 Os (Harvey et al., 2006; C. Z. Liu et al., 2008) . Thus, even the modern DMM includes peridotite with ancient melt depletion histories recorded in their Os isotopic compositions (e.g. Parkinson et al., 1998; Brandon et al., 2000; Walker et al., 2002 Walker et al., , 2005 Reisberg et al., 2004; Bizimis et al., 2007; Pearson et al., 2007; C. Z. Liu et al., 2008) . The ancient Os is evidently undisturbed by mantle stirring because the extremely high partition coefficients for Os in some trace sulfides and alloy phases inhibit loss or gain of Os on a whole-rock scale (Pearson et al., 2004) . A single sample with a depleted Os isotopic composition is, therefore, not strong evidence for the presence of ancient mantle, and instead a case for mantle with an ancient provenance must sometimes be made via the distribution of 187 Os/ 188 Os ratios for a sizeable suite of samples (Rudnick & Walker, 2009 Shirey & Walker, 1998; Walker et al., 2002; Chesley et al., 2004; Rudnick & Walker, 2009) . Only during situations when the melt/ fluid^rock ratio is high, such as when lherzolites or harzburgites are transformed into dunite, are such changes noted (e.g. Becker et al., 2001; Bu« chl et al., 2002) . Refertilization can also affect the Os isotopic and PGE composition of peridotites (Saal et al., 2001; Beyer et al., 2006; Rudnick & Walker, 2009) . If refertilization occurs shortly following melt extraction, as might be expected in a mantle section that experienced adiabatic melting, refertilization will have no obvious impact on the Re^Os system, as no time has elapsed between melt depletion and refertilization (Rudnick & Walker, 2009) . When a large time span separates melt depletion and refertilization, the latter will affect the 187 Os/ 188 Os of the residual mantle, but to a lesser degree than major elements such as CaO and Al 2 O 3 , which are strongly enriched in the melt relative to the residual peridotite. In this case, refertilization will produce a strongly curved array on an Al 2 O 3 vs 187 Os/ 188 Os plot, as Al 2 O 3 is more strongly affected than 187 Os/ 188 Os (Reisberg & Lorand, 1995; Rudnick & Walker, 2009) . Moreover, as the refertilizing melts are usually incompatible element (e.g. LREE) enriched, it is likely that this signature will be imparted to the refertilized lithospheric mantle and, with time, the e Nd and e Hf of the residues will become negative.
Proterozoic lithospheric mantle beneath the eastern NCC during the Paleozoic?
Previous studies have shown that the lithospheric mantle beneath the eastern North China craton was dominated by materials with Archean melt depletion ages during the Paleozoic, as revealed by mantle peridotites and chromite separates from the Paleozoic Mengyin, Fuxian and Tieling kimberlites (Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008) . Our three new late Archean T RD model ages (2Á42 Á7 Ga) obtained for mantle xenoliths from Mengyin (MY9, MY10 and MY34) are consistent with this prior work. However, one Mengyin sample (MY33) has a T RD age of $1Á6 Ga that is much younger, despite a highly refractory composition (Table 7 , Fig. 10a ). Gao et al. (2002) similarly reported a T RD age of 1Á3 Ga, for a refractory whole-rock sample from Mengyin, but its relatively high 187 Re/ 188 Os of 0Á 48 made the eruption age correction for this sample potentially problematic. Later, Zhang et al. (2008) reported a T RD age of 1Á8 Ga for a whole-rock sample collected from the Fuxian kimberlite. Several analyses of chromites from Fuxian and Tieling also yielded T RD ages of 1Á6^1Á8 Ga .
The relatively high S concentrations and LREE enrichments in the Mengyin peridotites suggest that these samples experienced strong metasomatic enrichment (Table 1 , Fig. 5a ), so it may be questioned whether the younger model ages record a Proterozoic melt depletion event or Zhang et al. (2008); FuxiançGao et al. (2002) and Zhang et al. (2008); TielingçWu et al. (2006) . Osmium isotopic compositions of abyssal peridotites are from Martin (1991) , Roy-Barman & Alle' gre (1994) , Snow & Reisberg (1995) , Brandon et al. (2000) , Standish et al. (2002) , Alard et al. (2005) , Harvey et al. (2006) , C. Z. complex isotopic systematics resulting from overprinting. However, none of the Mengyin xenoliths studied here show evidence for strong accompanying enrichment of Re (Fig. 8) . Moreover, the highly PPGE-depleted Mengyin xenoliths (Fig. 9a) , including sample MY33, reflect PPGE removal, rather than addition, consistent with high degrees of melt extraction without subsequent overprinting. Furthermore, IPGE abundances in these rocks are typical of upper mantle materials. Thus, the Os contained in these rocks was probably little affected by the apparent metasomatic event. We conclude that, although the rocks were modified by subsequent processes, the whole-rock model T RD ages may represent the dominant melt depletion age(s) of the peridotites.
Collectively, these data suggest that the Ordovician lithospheric mantle beneath the eastern NCC was dominated by refractory Archean peridotite, containing a minor amount of Proterozoic peridotite. The Proterozoic model ages may provide evidence for minor lithospheric mantle formation as a consequence of PaleoMesoproterozoic mantle upwelling related to Columbia supercontinent break-up (Zhai & Liu, 2003; Hou et al., 2008) . The limited number of samples, coupled with their highly altered state, precludes a more robust conclusion regarding the absolute age(s) of melt depletion, the proportion of the Proterozoic material and its position in the mantle lithosphere relative to Archean peridotite.
Effects of secondary processes on Cenozoic mantle xenoliths
The Penglai and many of the Shanwang peridotites appear to have experienced metasomatic overprinting following melt depletion, as reflected by their REE patterns (Fig. 5b  and c) . Moreover, there are discrepancies in the mass balance of Sr (and Nd) between whole-rocks and cpx in the Shanwang and Penglai peridotites (especially Shanwang). Some samples (e.g. PL11, PL17, PL18, SW02, SW03, SW04, SW10, SW11, SW12, SW19 and SW20) even have higher bulk-rock Sr concentrations than the cpx separates (Tables 1 and 4) . As suggested by Rudnick et al. (2004) , this may reflect one or both of the following: (1) addition of Sr (and Nd) to grain boundaries during metasomatism, host basalt infiltration or post-eruption alteration; (2) the presence of Sr-(and Nd)-bearing accessory phases in the Shanwang and Penglai peridotites. The discrepancies in Sr mass balance in the Shanwang peridotites are greater than those of the Penglai samples, reflecting stronger Srrich melt/fluid metasomatism in the Shanwang xenoliths, consistent with their Sr-rich nature (Fig. 5f ). Actually, some basalt glass or minor carbonate was identified on grain boundaries in some samples (see Appendix A). Some unleached cpx with slightly higher 87 Sr/ 86 Sr and lower 143 Nd/ 144 Nd than their paired leached cpx may be explained by a grain boundary phase that is isotopically slightly more enriched than the cpx (Song & Frey, 1989; Rudnick et al., 2004) . Except for sample PL03, unleached cpx have much higher Rb concentrations than their paired, leached cpx. This suggests that Rb is present mainly as a grain boundary phase in the peridotite xenoliths. The Sm/Nd ratios calculated from the whole-rock REE data are lower than those of their paired cpx for many Penglai and Shanwang xenoliths, especially samples PL12, PL17 and PL18. This may also reflect later-stage LREE-rich secondary phase addition to these wholerocks. The 176 Hf/ 177 Hf of leached PL19 cpx is slightly higher than its paired, unleached cpx. This may reflect the presence of less radiogenic Hf on the grain boundaries. The positive correlation on the Sm^Nd isochron plot is also consistent with a recent mixing event in the lithospheric mantle under the eastern NCC, where an original LREE-depleted peridotite with positive e Nd (e.g. þ12) is mixed with a LREE-enriched melt with much lower e Nd . A rough positive correlation between 1/Nd and 143 Nd/ 144 Nd (not shown) also supports this mixing hypothesis.
The Penglai xenoliths might have experienced syn-or post-eruption sulfide breakdown, as reflected in their low Os/Ir and high Cu/S (Tables 1 and 8 ; Fig. 9b ) (Handler et al., 1999; Pearson et al., 2004) . Collectively, the Penglai and Shanwang data exhibit a rough negative correlation between Os/Ir and whole rock Cu/S (not shown). The Pd/ Ir ratios of the Penglai samples are also low, possibly reflecting a high degree of prior melt extraction. As suggested by J. G. , another possibility is that the low Pd/Ir ratios of the Pengali xenoliths are also related to syn-or post-eruption sulfide breakdown, as a rough positive correlation exists between the Os/Ir and Pd/Ir ratios for the combined Penglai and Shanwang xenolith data (Fig. 9f) .
The higher S concentrations in the Shanwang xenoliths, compared with the Penglai xenoliths, together with significant variations in Re and 187 Re/ 188 Os (Fig. 8) , may indicate that the Re^Os system in some Shanwang xenoliths was influenced by sulfide-bearing melt metasomatism. For example, some Shanwang xenoliths (SW12 and SW21, and especially samples SW01 and SW05) have low Fo numbers, low PGE concentrations, superchondritic 187 Re/ 188 Os, and Os isotopic compositions that are consistent with meltr ock reaction at high melt^rock ratios (Rudnick & Walker, 2009 , and references therein).
Age of the lithospheric mantle beneath the eastern NCC sampled by magmatism during the Cenozoic Mantle xenoliths from Cenozoic basalts in eastern China give a wide range of Os model ages, from Paleoproterozoic to modern (Gao et al., 2002; Wu et al., 2003 Wu et al., , 2006 . The meaning of these model ages is highly debated (Gao et al., 2002; Wu et al., 2003 Wu et al., , 2006 Xu et al., 2008; Zhang et al., 2008 (Fig. 10b) . Model ages of relatively refractory samples, harzburgites PL08 and PL23, and cpx-poor lherzolite PL12, are similar at $1 Ga. The most refractory sample from this locale (based on its low Al 2 O 3 and CaO contents), harzburgite PL02, which has an olivine Fonumber of 90Á 8, a Cr-number of 39Á 4, as well as the lowest HREE concentration in the suite, also has a T RD age of $1Á1 Ga. These model ages are in good agreement with the cpx Lu^Hf errorchron age ($1Á3 Ga, Fig. 6c ) obtained from the same suite of samples.
Even though there is a fairly close correspondence between the maximum Os and Hf model ages for the Penglai xenolith suite, it should be noted that the two isotope systems do not provide concordant results for single samples. For example, the two Penglai samples that define the Hf errorchron age by having very radiogenic Hf (PL11 and PL19), indicating long-term LREE (and Hf) depletion, have 187 Os/ 188 Os isotope ratios typical of the modern convecting upper mantle (i.e. 0Á12499 and 0Á12597, with corresponding T RD ages of 0Á3^0Á2 Ga, respectively) (Tables 6 and 7 ). The reason for these age discordancies for single samples is unclear, but probably relates to the very different behavior of lithophile and highly siderophile elements in the upper mantle.
The Shanwang xenoliths, located within the Tan^Lu Fault, are also typical examples of the young lithospheric mantle beneath the NCC during the Cenozoic Zheng et al., 2007) . Although the Shanwang samples have experienced some sulfide metasomatism, as mentioned above, most samples have PUM-like PGE þ Re characteristics and high Os concentrations (except for SW01 and SW05), implying that their Re^Os isotopes have not been strongly affected (Pearson et al., 2004; Reisberg et al., 2004 Reisberg et al., , 2005 Rudnick & Walker, 2009 ). The Os isotopic ratios of the Shanwang xenoliths show a crude negative correlation with the Fo-numbers of the olivine in the samples (not shown), and a crude positive correlation with the Al 2 O 3 wt % of the bulk samples (Fig. 10c) . There is also a rough positive correlation between Os isotopic ratios and (Pd/Ir) N (not shown). Collectively, these characteristics suggest that the different Os isotopic ratios relate to the fertility of the xenoliths. The model ages of relatively refractory Shanwang samples range from 0Á 8 to 1Á0 Ga.
Although mid-Proterozoic Os T RD ages are obtained for refractory xenoliths from both Penglai and Shanwang, it cannot be immediately concluded that this mantle lithosphere formed in the mid-Proterozoic. The modern DMM, as recorded by abyssal peridotites and young ophiolites, includes peridotites with ancient melt depletion histories (back to 2Á0 Ga) recorded in their Os isotopic compositions. As suggested by Rudnick & Walker (2009) , for post-Archean peridotites, it is necessary to make statistical comparisons via measurement of 187 Os/ 188 Os ratios for a sizeable suite of samples to assess whether or not the xenoliths are like the DMM or record an older average melt depletion.
As shown in Fig. 11 , the overall distribution of 187 Os/ 188 Os for the Penglai and Shanwang samples, as well as for other Cenozoic mantle xenoliths from the eastern NCC, is similar to that of the modern convecting mantle. Their isotopic compositions are very different from the Paleozoic xenoliths from the eastern NCC (Fig. 11) . Combined with the fact that the Sr^Nd^Hf isotope compositions of the Cenozoic mantle xenoliths from the eastern NCC are mostly similar to the modern convecting mantle (Fig. 7) , it is likely that the present lithospheric mantle beneath the eastern NCC is juvenile, and formed during the Mesozoic or Cenozoic.
Recent analyses suggest that materials in the suboceanic mantle can also retain a long-term Hf isotopic depletion history (Salters & Zindler, 1995; Andres et al., 2004; Graham et al., 2006; Bizimis et al., 2007) . It is possible that the convecting mantle contains materials with high Hf isotopic ratios that never were homogenized, as is surmised for Os. In contrast, all data for the Sm^Nd isotope system suggest that it is more efficiently homogenized, supporting the conclusion that the Lu^Hf isotope system has a higher closure temperature than the Sm^Nd and Rb^Sr systems (e.g. Bedini et al., 2004; Wittig et al., 2006 Wittig et al., , 2007 . Therefore, although a cpx Lu^Hf errorchron of 1Á3 Ga was obtained, the Lu^Hf results provide permissive evidence that the lithospheric mantle currently underlying the eastern portion of the NCC was formed during the Mesozoic or Cenozoic from the convective upper mantle.
The conclusion that the present lithospheric mantle beneath the eastern NCC is juvenile may be consistent with the regional geology. Neodymium model ages that are mostly between 2Á5 and 2Á9 Ga indicate that the NCC was formed during the Archean (Wu et al., 2005b) .
At $1Á85 Ga, the NCC underwent cratonization by amalgamation of the eastern and western blocks (Zhao et al., 2005) , and the crust experienced reworking without any juvenile addition. The NCC remained stable during the Proterozoic and Paleozoic, although very minor amounts of anorogenic rapakivi granite and anorthosite have been identified locally (Ramo et al., 1995; Yang et al., 2005; S. H. Zhang et al., 2007) . During the late Paleozoic, the northern margin of the NCC served as an active continental margin characterized by subduction of the Paleo-Asian Ocean to the north (S. H. ). It was not until the Mesozoic that extensive igneous activity occurred throughout the NCC, with significant growth of juvenile crust (Wu et al., 2005a; Yang et al., 2008) . The addition of (Gao et al., 2002; Wu et al., 2003 Wu et al., , 2006 ; this study), and (c) eastern North China Craton in the Early Paleozoic (Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008; this study). juvenile lithospheric mantle beneath the NCC during the Mesozoic may, thus, have accompanied the creation of new crust (Wu et al., 2005a) .
Constraints on the mechanism of lithospheric thinning beneath the NCC It is widely accepted that a significant part of the deep lithosphere beneath the eastern NCC was removed during the Mesozoic. However, the time, extent, mechanism, and geodynamic setting of the thinning of the lithospheric mantle underlying the eastern NCC is still highly debated (Menzies et al., 2007) . Several mechanisms have been proposed to explain the lithospheric thinning, including delamination (e.g. Gao et al., 2002 Gao et al., , 2004 Gao et al., , 2008 Wu et al., 2005a Wu et al., , 2007 , thermo-mechanical erosion (e.g. Xu, 2001; Zheng et al., 2007) and lithospheric transformation through peridotite^melt interaction or chemical erosion (e.g. Zhang, 2005; Zhang et al., 2006 Zhang et al., , 2008 Ying et al., 2006; Tang et al., 2008) .
If thermo-mechanical erosion of the lithosphere induced by the upwelling of the asthenosphere took place gradually from the base of the lithosphere, a stratified lithospheric mantle can be envisaged, with an Archean relict lithosphere overlying newly accreted lithosphere (Griffin et al., 1998; Menzies & Xu, 1998) . If asthenospheric upwelling preferentially focused along weak shear zones in the Archean root (e.g. Zheng et al., 2007) , then the Archean lithospheric mantle would be dispersed in the newly accreted, Phanerozoic lithospheric mantle. However, the lithospheric mantle sampled during the Paleozoic appears to have been mostly Archean (Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008 ; this study), whereas in the Cenozoic the mantle lithosphere appears to be exclusively juvenile, with no Archean material identified amongst the xenoliths studied to date (Gao et al., 2002; Wu et al., 2003 Wu et al., , 2006 ; this study). The observation that both garnet-and spinel-facies mantle peridotite xenoliths from the Mengyin and Fuxian kimberlites have Archean Re^Os isotopic ages indicates no chemical stratification of the Archean lithospheric mantle beneath the eastern NCC . Furthermore, recent studies indicate that peridotite xenoliths hosted by the Mesozoic ($125 Ma) Laiwu diorites are refractory, have low equilibration temperatures, and have enriched Sr^Nd isotopic compositions, similar to peridotites from Mengyin (W. L. Xu et al., 2008) . The lack of garnet in the xenoliths indicates that they were derived from depths 580 km. Osmium isotopic compositions indicate that the Laiwu xenoliths are Archean , similar to those from Mengyin. These results further confirm that the refractory, Paleozoic lithospheric mantle beneath the eastern NCC is not stratified. We conclude that the Cenozoic lithospheric mantle is not the upper part of the Paleozoic lithospheric mantle or a relict after thinning.
A key question remains as to whether peridotite^melt interaction or melt addition converted the pre-existing refractory lithospheric mantle beneath the eastern NCC into fertile mantle, as suggested by recent studies calling upon lithospheric transformation or refertilization (Zhang, 2005; Zhang et al., 2006 Zhang et al., , 2008 Ying et al., 2006; Tang et al., 2008) . However, as stated above, because most metasomatic fluids and melts have Os contents two to three orders of magnitude lower than those of the peridotites, it is seemingly difficult to transform peridotites with Archean Os model ages to peridotites with Proterozoic or Phanerozoic model ages through recent melt addition (see also Rudnick & Walker, 2009 ). Furthermore, if refertilization occurred much later than the formation of the peridotites, it should be recognizable on a plot of Al 2 O 3 vs 187 Os/ 188 Os as a curved trend. As shown in Fig. 10 , the Os isotopic ratios display a crude positive correlation with Al 2 O 3 for both the Penglai and Shanwang xenoliths, and lie far above the shaded area within which they would plot if they represented Archean lithosphere ($3 Ga, 3Á5 ppb Os, 0Á3 wt % Al 2 O 3 and an 187 Os/ 188 Os of 0Á106) that had experienced recent melt addition (upper bound, picrite melt with 1ppb Os, 10 wt % Al 2 O 3 and an 187 Os/ 188 Os of 0Á15; lower bound, basaltic melt with 50 ppt Os, 15 wt % Al 2 O 3 and an 187 Os/ 188 Os of 0Á15). Collectively, the data do not support the idea that the Cenozoic peridotites are Archean peridotites that have experienced significant melt addition in the Mesozoic or later. As argued above, the Shanwang xenoliths may have experienced intensive sulfide-bearing melt metasomatism. However, even if sulfides were precipitated, the metasomatized mantle should show significant enrichment of PPGE along with high Re/Os ratios (Pearson et al., 2004; Reisberg et al., 2004 Reisberg et al., , 2005 Rudnick & Walker, 2009 ), which are not observed in most Shanwang xenoliths. Moreover, secondary sulfides typically have one to two orders of magnitude lower Os content than primary sulfides (Alard et al., 2000) , which means it may also be difficult to transform peridotites with Archean Os model ages to peridotites with Proterozoic or Phanerozoic model ages through recent sulfide metasomatism (Gao et al., 2002; Reisberg et al., 2004 Reisberg et al., , 2005 . Collectively, the present-day lithospheric mantle beneath the eastern NCC is probably not refertilized or metasomatized Archean lithospheric mantle.
It has been long recognized that the mantle lithosphere that existed beneath the eastern NCC during the Paleozoic was highly refractory, with an enriched Sr^Nd isotope composition, in contrast to the lithospheric mantle that underlies this region at present, which is fertile and has a Sr^Nd isotope composition similar to that of the depleted mantle (e.g. Griffin et al., 1998; Menzies et al., 2007) , as shown in the present study (Fig. 7) . We have also shown on the basis of Os isotopes that the Archean lithosphere was replaced after the Ordovician by juvenile lithospheric mantle that has Os isotopic characteristics indistinguishable from the modern convecting upper mantle (Fig. 11) . Overall, the present lithospheric mantle beneath the eastern NCC is completely different from that present in the Paleozoic, and is much younger than its overlying Archean crust. It is possible that the ancient lithospheric mantle beneath the eastern NCC was removed by foundering during the Mesozoic or later, and replaced by the cooled product of upwelling asthenospheric mantle. Combined with other lines of evidence from Mesozoic magmatic rocks (e.g. Gao et al., 2004 Gao et al., , 2008 Wu et al., 2005a) , the delamination model is our preferred mechanism to account for the loss of the ancient keel that once underlay the North China Craton.
C O N C L U S I O N S
(1) Archean Re^Os model ages for peridotite xenoliths hosted by the Paleozoic Mengyin diamondiferous kimberlites provide further evidence that Archean lithospheric mantle dominated the eastern North China Craton lithosphere during the Paleozoic. Our new data also indicate that minor Paleoproterozoic lithosphere was also present.
(2) Like peridotite xenoliths from other Cenozoic basalts in the eastern North China Craton, the Shanwang and Penglai xenoliths have Os model ages that range back to the Mesoproterozoic. The distribution of Os isotopic compositions for these xenoliths, however, is identical to that seen in modern abyssal peridotites, which sample the present-day convecting mantle. This similarity between Cenozoic lithosphere and abyssal peridotites suggests that this lithosphere formed during the Mesozoic or Cenozoic; it is unlikely that the present lithospheric mantle beneath the eastern NCC was refertilized or metasomatized Archean lithospheric mantle.
(3) The high initial e Nd (5^24, average ¼10) and e Hf (77 5, average ¼ 25, excluding the two very radiogenic samples) and low 87 Sr/ 86 Sr (0Á7023^0Á7042, average ¼ 0Á7030) of cpx from the Cenozoic peridotites are consistent with their derivation from convecting upper mantle during the Mesozoic or Cenozoic.
(4) Nd^Hf isotope decoupling in cpx from the Penglai peridotites indicates that the convecting upper mantle may contain materials with radiogenic Hf isotopic ratios, similar to the ancient Os that is occasionally recorded in abyssal peridotites, whereas Nd isotopes do not reflect such ancient melt depletions.
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